Objective: Oscillometric pulse wave analysis devices enable, with relative simplicity and objectivity, the measurement of central hemodynamic parameters. The important parameters are central blood pressures and indices of arterial wave reflection, including wave separation analysis (backward pressure component P b and reflection magnitude). This study sought to determine whether the measurement precision (between-day reliability) of P b and reflection magnitude: exceeds the criterion for acceptable reliability; and is affected by posture (supine, seated) and fasting state.
INTRODUCTION
P ulse wave analysis (PWA) devices enable clinicians and clinical scientists, with relative simplicity and objectivity [1] , to obtain important mechanistic, diagnostic and prognostic information through the measurement of central hemodynamic parameters [2] [3] [4] [5] . The important parameters are central blood pressures and indices of arterial wave reflection, including augmentation index (AIx) and the promising wave separation analysis. However, to be of value in a clinical setting, an assessment tool must also be precise (reliable) when used during normal clinical operating conditions [6] . This knowledge is required to gauge the critical difference in a parameter that must be exceeded between two sequential visits, when tested under a given set of conditions [6] .
Wave separation analysis is promising because it may provide a more accurate estimate of the effects of wave reflection on central blood pressure and centrally located organs than the more established AIx [4, 7] . The AIx, which is calculated by dividing the central augmentation pressure by the corresponding pulse pressure, is affected by the reflected wave transit time [8, 9] . Alternatively, by assuming a triangular or a physiologic flow waveform [10] , the aortic wave can be separated into its forward (P f ) component and timing-independent reflected component (P b ). Two large prospective studies [4, 5] suggest that wave separation analysis may be superior to AIx as a subclinical marker of cardiovascular disease -one reporting that P b better predicts 15-year cardiovascular mortality than AIx [5] , the other that reflection magnitude (P b /P f ) better predicts cardiovascular events than AIx [4] .
In the clinical setting, the efficacy of a prescribed treatment can only be adequately assessed if the outcome of interest can be measured with sufficient precision. Recently, our group published an article in the Journal of Hypertension which reported that oscillometric assessments of central blood pressures and AIx exceed the criterion for acceptable reliability when assessments were made under supine and fasted conditions [11] . However, a patient may report for clinical evaluation in a fasted or nonfasted state, and blood pressure is commonly measured with the patient in the seated or supine posture. We found that the precision of central blood pressure and AIx recordings was reduced when a participant was seated or nonfasted.
To the best of our knowledge, no previous study has assessed the precision of wave separation analysis, nor whether measurement precision is influenced by posture or the fasted state. Therefore, in order to facilitate guidelines for optimal assessments of P b and reflection magnitude, the data from our previous study [11] were re-analyzed to determine whether measurement precision (between-day reliability) exceeds the criterion for acceptable reliability; and is affected by posture (supine, seated) and fasting state.
METHODS

Participants
To ascertain the upper limit of validity and reliability for oscillometric derived central hemodynamic parameters, a relatively homogenous cohort of 20 young (19-35 years) and healthy participants (50% female) were recruited. Participants were excluded if they reported any known cardiometabolic disorders, were taking medications known to affect cardiovascular function, or reported cigarette smoking. Ethical approval was obtained from the Massey University Human Ethics Committee, and all participants provided written informed consent prior to participating in the study.
Experimental design
Prior to beginning the study, participants were familiarized with all measurement procedures. Subsequently, participants were tested on six different days (over 2 weeks) between the hours of 0700 and 1000 h -3 days fasted (12 h), having consumed only water, and 3 days nonfasted, having consumed their usual breakfast. To ensure an ecologically valid clinical model, meal consumption was not regulated, nor was the intake of caffeine. However, all participants were asked to refrain from supplement intake that morning, and to avoid strenuous physical activity and alcohol for 24 h prior to experimentation. On each occasion, the participant was tested in the supine and seated position, resulting in a total of 12 measurements per person, and a total of 240 data points. Two measurements were taken within a 3-min interval. If blood pressures differed by more than 5 mmHg or AIx was above 4%, a third recording was taken, and the closest two recordings were averaged [12] .
Pulse wave analysis
Following 20 min of undisturbed rest, oscillometric pressure waveforms were recorded by a single operator on the left upper arm using a SphygmoCor XCEL device (AtCor Medical, Sydney, Australia), following standard manufacturer guidelines [13] . Each measurement cycle lasted approximately 60 s, consisting of a brachial blood pressure recording and then a 10-s sub-systolic recording. A corresponding aortic pressure waveform ( Fig. 1 ) was generated using a validated transfer function [14] . To enable direct comparison, the AIx data from the previous study are rereported [11] . The AIx is defined as the augmentation pressure, expressed as a percentage of central pulse pressure, where augmentation pressure is defined as the maximum systolic pressure minus the pressure at the inflection point. The aortic forward (P f ) and backward (P b ) wave pressures were determined by assuming a triangular flow wave [10, 15] . This method creates a triangular-shaped flow wave by matching the start, peak, and end of the flow wave to the timings of the foot, inflection point, and incisura of the aortic pressure wave (Fig. 1) . Thus, the forward and backward components of the pressure wave can be constructed using the following equations:
where P is the synthesized aortic pressure wave, Q is the approximated pseudoflow wave, Z c is the characteristic impedance, P f is the forward pressure component, and P b is the backward pressure component. The reflection magnitude was calculated as P b /P f . Because calculation of P f and P b involves the product of flow (Q) and characteristic impedance (Z c ), which itself has flow in the denominator, calibration of the flow waveform is not needed.
Sample size
Sample size calculations were based on the primary outcome from the original study, central systolic blood pressure, and assuming a typical error of 6.4 mmHg derived from a previous reliability study using healthy participants [16] . Using magnitude-based inference [17] to estimate the sample size required to detect the smallest beneficial (or detrimental) in a cross-over study, with the maximum chances of a type 1 and 2 error set at 5% (i.e. very unlikely), approximately eight participants were required to detect a 6-mmHg change (based on the smallest change reported in previous blood pressure studies) [18] . We oversampled to account for the uncertainty with regards to the effect of fasting.
Statistics
Statistical analyses were performed using Statistical Package for Social Sciences version 21 (SPSS, Inc., Chicago, Illinois, USA). All data are reported as means (SD), unless otherwise specified. Statistical significance was defined as P less than 0.05 (two-tailed). The effects of posture and fasting status on central hemodynamic parameters were assessed using analysis of variance (ANOVA) for repeated measurements with two within-patient factors (posture and fasting status). Effect sizes are reported using partial eta-squared (h 2 p ), where 0.01, 0.06, and 0.14 represent a small, medium, and large effects, respectively [19] .
Reproducibility of parameters was assessed by calculating the intra-class correlation coefficient (ICC), standard error of mean (SEM), and smallest detectable change (SDC). The ICC was calculated according to the formula:
, where SD b 2 and SD w 2 are the between and within-patient variance. In general, ICC values above 0.75 are considered to indicate excellent reproducibility [20] . The SDC is defined as the critical difference in a parameter that must be exceeded between two sequential results in order for a statistically significant change to occur in an individual [6] . Absolute SDC was calculated using the formula: 1.96 Â SEM Â H2, where 1.96 corresponds to 95% confidence interval (CI), and SEM was calculated using the equation: SD b Â H(1 À ICC) [6] .
RESULTS
Data were successfully collected from all 20 healthy young men and women [27.9 years (SD 4.9), 50% female, 24.2 kg/ m 2 (SD 3.5)]. Table 1 summarizes the mean values for the central hemodynamic variables. For all central variables, no interaction effects were reported, and there was no main effect for posture. The fasted state did not significantly affect P b , but had a large effect (h 2 p ¼ 0:23 À 0:56) on P f , reflection magnitude, augmentation pressure, and AIx, increasing P f by an estimated 1.3 (95% CI 0.2, 2.4) mmHg, and decreasing reflection magnitude by À3.9 (95% CI À2.3, À6.6)%, augmentation pressure by À1.3 (95% CI À1.9, À0.7) mmHg, and AIx by À4.0 (95% CI À5.9, À2.2)%.
The between-day reliability values are reported in Table 2 . The ICC values were lowest for all variables for the 'total' condition, that is, across postural and fasted states. For P f , the criterion ICC (0.75) was not exceeded for any test condition. For the remaining variables (P b , reflection magnitude, augmentation pressure, and AIx), the criterion ICC was only simultaneously exceeded for the combined supine-fasted condition.
DISCUSSION
The present study demonstrates that pulse waveform separation analysis can be reliably assessed using oscillometric PWA. Oscillometric PWA recordings are most consistently reliable when the patient is in the supine posture and fasted. Fasting state influences the magnitude of reflection magnitude readings (i.e. decreases reflection magnitude) and the precision of P b readings. Posture does not influence the magnitude of reflection magnitude or P b , but does reduce precision.
The ICC values we observed for P b (0.76) and reflection magnitude (0.77) in the supine-fasted condition are comparable to the ICC (0.79) we previously observed for AIx [11] . To put the value of P b in to clinical perspective, we calculated the SDC to be 2.5 mmHg. This SDC value is substantially less than the 1 SD (6 mmHg) for P b recorded from 1272 participants (47% women; mean age 52 years; range 30-79 years) in a previous prospective study [5] . This previous study found that a 6-mmHg higher P b was associated with a 61% increase in cardiovascular mortality over 15 years. An additional study [4] assessed the relationship between central hemodynamic profiles and cardiovascular events in 5960 participants (52% women; mean age 62 years; range 53-70 years). A 10% increase in reflection magnitude ($8.4%), which is nearly equivalent to the SDC (8.5%) calculated for the current study, equated to an adjusted hazard ratio of 1.34. For both of these studies, the wave separation analysis variables were found to be superior to AIx. Thus, whereas AIx may have similar precision to P b and reflection magnitude, the later variables may be more clinically meaningful, and, based on our finding, have high reliability in a fasted, supine state.
The nonfasted state may have significantly decreased reflection magnitude and AIx, but not P b , due to two potential sources of error: the generalized transfer function used to generate the aortic pressure waveform; and the reflected wave transit time. First, the generalized transfer function may less faithfully reproduce the high-frequency components required for AIx computation than it does the low-frequency pressure harmonics required for P b and P f computation [21] . Second, the AIx, and also reflection magnitude (as a function of P f being the numerator) are both affected by the reflected wave transit time. The transit time is affected by the reflected wave timing, amplitude, and ventricular function, which in turn are known to be influenced by a number of factors, including heart rate [8, 9] . For example, in the present study, heart rate was 4.3 (95% CI 1.9, 6.7) b.p.m. higher in the nonfasted state and may have acted as an additional source of variability. Thus, the decreased AIx and reflection magnitude in the nonfasted state may have not fully resulted from decreased wave reflection. Our findings bear relevance to clinical research, and also clinical practice. There is growing public health interest in work place behaviors and cardiovascular health, including the influence of prolonged sedentary behavior [22] [23] [24] [25] . As such, there is interest in tracking the cardiovascular health of patients during the working day, during which they may sit and consume food. Whereas posture and the fasted state do reduce the precision of central hemodynamic variables, including P b , the magnitude of P b does not appear to be influenced by these conditions. P b may be a robust variable for tracking vascular health during the working day.
Future direction
Whereas the SDC values for reflection magnitude and P b are at a level previously reported to be clinically meaningful [4, 5] , further study is required to confirm our findings in clinical populations of varying age and health states. In the current study, to ascertain the upper limit of reliability for oscillometric-derived central hemodynamic parameters, we opted to recruit a homogenous cohort of young, healthy participants. Additionally, the maximum duration between the first and last testing sessions was 11 days, which is long enough to shift phases of the menstrual cycle and may have added a source of error to our findings. Whereas subgroup analysis for the supinefasted data revealed that the SDC values for women compared to men were actually marginally superior for P f (5.2 vs. 3.0 mmHg, respectively), P b (2.8 vs. 2.0 mmHg, respectively), and reflection magnitude (4.0 vs. 2.0%, respectively), further study is required to determine the influence of the menstrual cycle on waveform morphology. Lastly, to ensure an ecologically valid clinical model, meal consumption was not regulated, nor was the intake of caffeine. The nonstandardization of caffeine consumption likely added an additional source of error variance to AIx and reflection magnitude, as both of these parameters are known to be influenced by heart rate [8, 9] . The known relationship between these parameters and heart rate further indicates the need to standardize testing conditions.
In conclusion, findings from this study suggest that assessments of P b and reflection magnitude exceed the criterion for acceptable reliability and are consistently reliable when participants are evaluated while fasted and in a supine position. The SDC values for reflection magnitude and particularly for P b are sufficiently small to detect differences of clinical meaningfulness. These findings lend support to the use of oscillometric PWA in the clinical setting, and P b in particular may be an important adjuvant to central blood pressure recordings.
Reviewers' Summary Evaluation
Referee 1
The authors provide important information about reliability of pulse wave analysis (PWA) as they tested this measurement in different conditions (supine or sitting, fasten or unfasten), adding useful information regarding two important parameters (backward pressure component and reflection magnitude), to those provided in their previous paper published in 2015 (see references 11). The strength of the study is that it concerns, again, a practical issue as the setting to assess PWA is not yet standardized by guidelines. In fact, the authors showed that the criterion for acceptable reliability is satisfied only when patients are in supine and fasten condition. The importance of a standardized setting is demonstrated by the fact that even a small difference of 6 mmHg of the backward pressure component is associated with a 61% increased risk in cardiovascular mortality, so this measurement should be more precise as possible. Unfortunately, data were collected in healthy, young volunteers who do not represent the real population in whom this kind of analysis is usually performed. Moreover, as in women (50% of the population study) menstrual cycle was not taken into account and the maximum time duration between the first and last testing session was 11 days, the authors must be cautious with conclusions in this particular gender. More studies are need to confirm the reliability of PWA in standardized condition in high cardiovascular risk population and in female fertile patients.
